Ionic liquids of the alkylmethylimidazolium chloride family are able to solubilize high amounts of cellulose and other natural polymers and have very good characteristics for their processing. Nevertheless, they present important disadvantages related to their high melting points and viscosities. Dissolution of carbon dioxide (CO2) can reduce the melting point of these ionic liquids. In this work, the effect of pressurized carbon dioxide on the melting point depression of some ionic liquids able to dissolve biopolymers was experimentally determined using the first melting point method. Five different ionic liquids were studied using a high-pressure visual cell, up to a pressure of 10 MPa. The ILs studied were four ionic liquids with chloride anion coupled with 1-butyl-3-methylimidazolium cations: 
Introduction
Ionic liquids (ILs) are substances composed entirely of ions that generally are fluid around or below 100°C [1] . The unique physicochemical properties of ILs such as low vapour pressure [2] , and high solvation ability to dissolve various organic and inorganic substances allows their use as green solvents in several applications. Furthermore, ionic liquids can be easily modified by changing the structure of the cations or anions and, thus also their properties.
One of the most promising application of ionic liquids is cellulose processing. Some ILs have been demonstrated to be highly effective solvents for the dissolution of cellulose in amounts as high as 25% in mass [3] , sometimes even at room temperature [4] . Nevertheless the high viscosity of ILs which is greatly increased when they dissolve cellulose is the main limitation for their use in those processes. Imidazolium chlorides, acetates and alkylphosphates can dissolve high amounts of cellulose and other biopolymers, but recently acetates and alkylphosphates has been preferred due to their lower viscosities and melting points [4] caused by their asymmetrical cation and anions. The large size of the anions enlarges the distance between cation and anion, making the ionic interaction weaker. Thus, the imidazolium chlorides present a more regular packing and consequently high melting temperatures and viscosities. For these reasons, these ILs are sometimes set aside in cellulose processing, even though they are more effective than the others in hydrolysis [5] and avoid using strong acids in cellulose acylation reactions.
The melting process of ILs is governed by Van der Waals forces and electrostatic interaction forces and each one plays different roles for different kinds of ILs constituting a very complex behavior [6] . As Bourbigou et al. [7] reviewed, the length of the alkyl chain, the existence of H-bond and the presence of impurities are factors that influence parameters such as dielectric constant values or solvent polarity as well as the competition for the ions between the added species and the counter-ion. The anion Cl -is a good H-bond acceptor and its probable location has been proposed closer to the C(2) of the imidazolium ring. This provides higher charged density, symmetry and a more regular network. Therefore an increase of viscosity and high melting points is related to a growth in the cohesive forces via hydrogen bonding between the chloride and protons of the imidazolium ring. On the other hand, in the crystal structure of (2-hydroxyethyl)trimethylammonium dihydrogen phosphate, [8] . The high crystallinity gives to this IL an elevated melting point ( 392 K ).
It is known that mixing an IL with molecular solvents allows decreasing its viscosity and its melting point can be decreased. The viscosity of ILs-solvent mixtures is mainly dependent on the mole fraction of added molecular solvents [9] . This is also possible when using carbon dioxide (CO2) as a co-solvent, which has the advantages of being non-toxic, cheap, and can be easily separated of the IL by depressurization. ILs and CO2 are considered to be a promising media for the development of "green" technology [10] . In biphasic mixtures IL-CO2 at high pressure, CO2 can dissolve significantly into the IL-rich liquid phase as well at moderate pressures as high as 75% in mol, but no ionic liquid dissolves in the gas phase [10, 11] . The first example of CO2-induced melting point depression (MPD) was reported by Kazarian et al. [12] , who investigated an imidazolium salt, 1-hexadecyl-3-methylimidazolium hexafluorophosphate, [C16mim] [PF6] with CO2. They reported a MPD of 25 K with a CO2 pressure of 70 bar. Scurto and Leitner tested [13] a quaternary ammonium salt tetra-n-butyl-ammonium tetrafluoroborate, [NBu4] [BF4], and reported a solid-liquid transition temperature depression higher than 100K under 150 bar of CO2. Later [14] , they tested quaternary ammonium and phosphonium cations that showed strong depression as high as 80 K and 120 K. The method generally used was that of first melting point, with the exception of Serbanovic and coworkers that used a different method consisting in introducing a IL in a capillary tube inside a high pressure cell and increasing the temperature till the last solid particle is melted [15] . Selected results from MPD measurements on imidazolium and ammonium-based ILs found in literature are summarized in tables 1 and 2 respectively. In general imidazolium and pyridinium cations showed a much lower MPD in the range of 20 K than ammonium based ILs that can show melting MPD higher than 100 K. The solubility of CO2 in different ILs has been studied together with CO2 induced MPD. Recently was published a study on ammonium-based ILs tested up to 150 bar was published [16] . The MPD reported was between 25 K and 120 K and the solubility between 0.57 and 0.8 (mole fraction) at 369 K. Nevertheless, no positive correlation was found between the magnitude of the melting point lowering and the solubility of the gas in each liquid. Melting point induced by CO2 is minor in the case of methylimidazolium-based ILs as observed in Table 1 .
In this work an experimental study of the MPD of various ionic liquids (solid at room temperature) was carried out in the presence of pressurized CO2 up to 100 bar. MPD of imidazolium chloride ILs, were correlated using Group Contribution Equation of State of SkjoldJørgensen and parameters were adjusted using literature data of CO2 solubility in the ionic liquid [C4mim][Cl] available in literature [17] as well as activity coefficient at infinite dilution.
Experimental Section

Materials
The ionic liquids used in this work were 1-ethyl-3-methylimidazolium chloride, Table 3 , all of which were pur-chased from Iolitec (Germany). The water contents were determined by Karl-Fischer coulometric titration (Mettler toledo C20 coulometric KF titrator). Carbon dioxide (99.5% purity) was supplied by Carburos Metalicos (Spain) and was used without further purification. 
Apparatus
A schematic diagram of the equipment used for melting point measurements is shown in . The equipment and the methodology used has been described somewhere else [18] . 
Method
The experiment starts with a small amount of ionic liquid in a glass vial introduced in the optical cell. First the cell was keep at vacuum for 15 minutes in order to remove air and volatile impurities. Afterward, the cell was filled with CO2 and pressurized up to the desired operating pressure. At fixed pressure, and after an equilibration time of about 15 min, the cell was gradually heated at a rate of 5 K/30 min until melting of the ionic liquid sample was observed with the camcorder. The melting point temperature of the ILs was measured when the surface starts to melt, according to the "First Melting Point" method. Each measurement was repeated 3 times to determine the standard deviation in measurements.
Differential scanning calorimetry
Differential scanning calorimetry (DCS) of the ILs was performed using a DSC 822e Mettler Toledo SAE, with a high sensibility ceramic sensor FSR5 whose characteristics are detailed in 
Results and Discussion
Normal melting point and fusion enthalpies
Normal fusion temperatures and enthalpies of the ILs were determined by DSC and they are listed in Table 5 . DSC curves are shown in Fig. s1 to s4 of supplementary information. 
3.2.
Melting point depression Table 7 shows the melting temperatures at vacuum and at different pressures of CO2. It is observed that the melting points observed at vacuum are similar in most cases to the onset temperature provided by the DSC measurement listed in Table 5 , as it is expected when dealing with a first melting point method. Measurement was taken when the first melting signs where observed on the surface of the ionic salt. With regard to imidazolium chloride based ionic liquids at 40 bar, MPD is around 1 K, except
for which is of 7.8 K, and more drastic MPD at pressures higher than 50 bar.
At 100 bar MPD are much larger, of around 10 K in the following order:
. In literature it was also reported that for shorter alkyl chains in imidazolium based ILs, higher CO2 induced MPD were observed [15] . The lowest one is
. which could be attributed to the lower affinity of hydroxyl group with CO2 with respect to paraffine groups. This will be further discussed in the modeling section.
Thermodynamic modeling
The main objective of this section is to model the melting point decrease of the studied binary systems of CO2 + alkylimidazolium chloride derivatives. Given the scarce information available of the ILs under investigation, we have adopted a group-contribution (GC) approach for the phase equilibrium modeling of these mixtures. The Group Contribution Equation of State (GC-EoS) originally developed by Skjold-Jørgensen [37] plus a mathematical expression for the solid fugacity has been applied to correlate and predict the melting temperature decrease of these mixtures. This model is based on Generalized van der Waals Theory with a local composition principle. In terms of the residual Helmholtz free energy, it can be expressed as a sum of free volume and attractive contributions:
There are two contributions to the residual Helmholtz energy in the GC-EoS model: free volume and attractive. The free volume term follows the expression developed by Mansoori and Leland [38] :
where ni is the number of moles of component i, NC stands for the number of components, V represents the total volume, R stands for universal gas constant and T is temperature.
The following generalized expression is assumed for the hard sphere diameter temperature dependence:
where dc is the value of the hard sphere diameter at the critical temperature, Tc, for the i-th component.
The attractive contribution to the residual Helmholtz energy, A att , accounts for dispersive forces between functional groups. It is a van der Waals type contribution combined with a density-dependent, local-composition expression based on a group contribution version of the NRTL model [39] . Integrating van der Waals EoS, A att (T,V) is equal to -a•n•ρ being a the energy parameter, n the number of moles and ρ the mole density. For a pure component a is computed as follows: (6) where g is the characteristic attractive energy per segment and q is the surface segment area per mole as defined in the UNIFAC method [40] . The interactions are assumed to take place through the surface and the coordination number z is set equal 10 as usual. In GC-EoS the extension to mixtures is carried out using the two fluids model NRTL model, but using local surface fractions like in UNIQUAC [41] rather than local mole fractions. Therefore, the A att for the mixture becomes (7) where is the total number of surface segments and gmix the mixture characteristic attractive energy per total segments and are calculated as follows: (8) and (9) where νij is the number of groups of type j in molecule i; qj stands for the number of surface segments assigned to group j; θk represents the surface fraction of group k;
gij stands for the attractive energy between groups i and j; and αij is the non-randomness binary damping factor. The attractive energy between unlike groups is calculated from the corresponding interactions between like groups:
with the following temperature dependence for the energy and interaction parameters:
and (15) where is the attractive energy and the interaction parameter at the reference temperature and , respectively.
Group contribution approach for methylimidazolium chloride based ionic liquids
In this work, the parameterization of a new group for methylimidazolium chloride based ILs ([-mim][Cl]) was performed. Fig. 3 illustrates the group decomposition for some ILs treated in this work. According previous to works [42, 43] , the corresponding IL molecule is divided in functional groups such as CH3/CH2 or CH2OH, while the ionic contribution, i.e.
cation + anion is kept as a single electroneutral group. Moreover, one methyl group attached to the imidazolium cation is kept within the whole ionic group in agreement with previous work for other imidazolium based ionic liquids [42, 43] . 
Parameterization of the free-volume term
The free-volume term of the residual Helmholtz energy contains only one characteristic parameter, that is, the critical hard sphere diameter (dc). Values for dc are normally calculated from critical properties or by fitting the equation to one single vapor pressure data point (generally the normal boiling point). Since the main characteristic of ionic liquids is their negligible vapor pressure, this type of information is not available. Espinosa et al. [44] developed a correlation between the critical diameter dc and the normalized van der Waals molecular volume (Ri) of high molecular weight compounds (n-alkanes, n-alkenes, saturated and unsaturated triacylglycerides, and alkylesters). This correlation was applied to calculate the critical diameter of ionic liquids from the estimated van der Waals volumes.
Following a group-contribution approach, the normalized van der Waals volume of a compound, , can be calculated as the sum of the constituent group volume parameters rj:
Where is the number of groups j in molecule i. Similarly, the number of surface segments, Q, of the i molecule can be obtained from its functional groups:
Where qj is the number of surface segments of group j. Although Eq. (16) and (17) [40] and Table 8 contains the values of r and q of the functional groups used in this work, all of which are calculated by means of the van der Waals volumes and surface areas given by Bondi [45] . The values of parameters R and Q for the [-mim] [Cl] group have been calculated with its inner constituents shown in Fig. 4 . The calculated normalized van der Waals volume and critical diameter of the ionic liquids studied in this work are reported in Table 9 .
In order to evaluate the effective hard sphere diameter at a specified temperature, the GCEoS requires an assigned value for the critical temperature, Tc, of the pure compound (see Eq. 5). In this work, the group contribution correlation of Valderrama and Rojas [46] has been applied to compute the values of the Tc of the ionic liquid studied in this work. All parameters referred to the free-volume term are listed also in Table 9 . 
Where NGam and NEq are the number of activity coefficient and binary phase composition data points, γ are the activity coefficients, x represent phase compositions and wu represents weights assigned to different kind of experimental data. Both weights have been set to 1.
The correlation procedure is identical to the one described by Breure et al. [42] in order to keep the number of adjustable parameters as low as possible. A linear temperature dependence for parameter was assumed ( = 0); initially, all binary interaction parameters are assumed to be temperature independent and the mixture is considered to behave as a regular solution ( =0). This means that initially, the only adjustable parameters are self-interaction parameters: and . After this first correlation, self-interaction parameters are fixed and only binary interaction parameters , and are used as adjustable parameters. Moreover, the non-randomness parameters are assumed to be the same within a family (for instance , in accordance to previous works [37, 42, 43] 
Phase equilibrium equations
Binary and ternary phase equilibrium calculation were performed by solving the isofugacity of the system between phases α and β at fixed temperature, T, and pressure, P,:
where is the fugacity of component i at equilibrium, and and represents the mole fraction and fugacity coefficient of component i in phase j. [47, 48] . We have decided to: a) deprecate the change in the heat capacity during melting, which should not harm the solid fugacity calculation because the temperature ranges studied in this work are narrow in general; and b) to consider the change in volume during melting as constant. Thus, the expression proposed by Firoozabadi [54] for the fugacity of the solid becomes (20) where and are the pure IL fugacity as a solid and liquid, respectively; Tfus, ΔHfus and are the pure fusion temperature, and change in the enthalpy and volume of the pure solid and liquid phases.
For the modeling of SLE of binary mixtures which are at atmospheric pressure, it is possible to neglect the , since its contribution is minor at this condition. However, cannot be neglected for the calculation of the CO2-induced MPD because pressure arises up to 100 bars in our experimental data (see Table 7 ). , we propose to use the correlation of Goodman et al. [49] . These authors developed a correlation to estimate the saturated solid density ( ) from the liquid density at the triple point ( ). They proposed the following relation (21) from which it is possible to estimate the using the liquid or solid density information available. Values estimated using Eq. (21) are listed in Table 9 , for the ILs studied in this work.
In principle, Eq. (20), together with the melting properties from Table 9 are enough for estimating the pure solid fugacity of the ILs in all binary mixtures with CO2 studied in this work. Notwithstanding, Tables 7 and 9 
Rodríguez Reartes et al. [55] then proposed a parameterization strategy keeping constant C1, (i.e., invariant pure melting line) while employing as an adjustable parameter. They
show that perturbation in produces large and non-linear changes in the solid fugacity.
Thus, using a custom value while keeping constant the pure heavy compound melting line is a reasonable choice.
Last, is it worth to mention that given the dispersion found in Tfus and ΔHfus, we decided to model each binary SLE data set with its specific values of Tfus and ΔHfus. As an example, consider the binary systems involving [C4mim][Cl] studied in this work. The data modeled in Fig. 8 , measured by Domańska et al. [20] , considered Tfus and ΔHfus obtained by the same authors (see Table 9 ). On the other hand, MPD of [C4mim][Cl] listed in Table 7 , depicted in Fig. 10 .b were modeled using melting properties obtained in this work (see Table 9 ).
The solution procedure applied in this work to solve the system of Eq. (19) is the TP flash with stability analysis as described by Michelsen [56, 57] . On the other hand, the calculation of the solid-liquid-vapor lines required for the prediction of the melting depression follows the work of Rodríguez Reartes et al. [55] . They published a detailed algorithm for the calculation of binary solid-fluid-fluid equilibrium lines of asymmetric mixtures, like the ones treated in this work.
Modeling results and discussion
Mixtures of alkylimidazolium chloride ILs + hydrocarbons
The parameters obtained through correlation of experimental data are listed in Table 10 . Table 11 reports the deviation between the GC-EoS model and experimental data, together with temperature and pressure ranges, references and number of experimental data points.
As can be seen, binary interaction parameters have been differentiated for i = CH3
or CH2 to improve correlation and prediction of experimental data, though no temperature dependence was introduced. On the other hand, the encountered binary dumping factors found to represent experimental data are asymmetric ( ) but not differentiation has been introduced between CH3 and CH2 groups. For i = CH=CH2 and i = ACCH3, only one single interaction parameter was correlated beacuse the only experimental data available are the activity coefficients reported by David et al. [52] . Deviations from experimental data listed in Table 11 show that the model presents activity coefficients at infi- for n-dodecane than for n-heptane. phase transitions. This is an important implication in the pure and mixture phase behavior, since the change in enthalpy of the first SS transition, ΔHtr,1, is much greater than ΔHfus (see Table 9 ). Thus, specifically for the binary SLE data involving this compound, the following expression has been employed to model the fugacity of the solid phase:
where NT(T) is the number of SS transitions present between T and Tfus, and Ttr,i and ΔHtr,i
are the temperature and enthalpy of the SS transition. Eq. (24) is basically the same as presented by Domańska et al. [60] , but deprecating the specific heat change. ane binary system. On the other hand, the GC-EoS predicts a wide liquid-liquid split for the three binary systems studied by Domańska et al. [59] . However, the experimental data follows an extremely flat tendency with an almost constant phase transition temperature, which may indicate a phase split not found because of the presence of SLE. 
Mixtures of alkylimidazolium chloride ILs + alcohols
Experimental binary SLE data of alcohols with alkylimidazolium chloride based ILs is vast. 
Representation of the melting point depression of methylimidazolium based ILs with compressed CO2
Phase equilibria of alkylimidazolium chloride based ILs + CO2 is not plentiful. Up to our knowledge, only data of [C4mim] [Cl] at five temperatures have been reported by Jang et al [17] , from which two of them where used in this work for correlation. Results of correlation and prediction of this data are shown in Table 11 and Fig. 9 . From Fig. 9 it seems that the model represents well the solubility under 200 bar, but tends to deviate at higher pressures. Comparison between predicted and correlated melting points using Δvfus calculated from Table 9 and correlated, respectively. C1 a Δvfus a (cm 3 /mol) a Calculated from values listed in Table 9 . See text for details
Once all interaction parameters has been set, together to the pure compound melting parameters obtained in this work listed in Table 9 , it is possible to predict the MPD of the methylimidazolium based ILs studied. It seems that the predictions obtained without correlation of Δvfus systematically leads to higher MPDs than the experimentally observed. This is shown in Fig. 10 for the four ILs treated in this section, where the prediction is depicted with a solid line. There are two options to improve the prediction of this kind of data: include at least one binary data set of Table 7 together with the solubility information in the correlation, or use the approach of Rodríguez Reartes et al. [55] Table 7 . Solid lines are model predictions using melting parameters defined in Table 9 from this work; the dashed lines are results of a melting point correlation using as adjustable parameter (see text for details), which are listed in Table 12 . The thin dotted line represents the pure IL melting line, and the thick dotted and solid circle () correspond the pure CO2 vapor pressure and critical point, respectively. [Cl] , and at the same time, this is the system that shows the larger MPD (see Table 7 and Fig. 10 ). The opposite situation is found for 
Conclusions
Carbon dioxide induced MPD in ILs has been experimentally determined in a high pressure cell at vacuum and at CO2 pressures up to 100 bar using the first melting point method. The first melting points observed at vacuum were similar to the onset temperatures observed in DSC. Much higher MPDs were observed for ammonium based IL than for imidazolium 
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Number of components in the mixture.
NG
Number of attractive groups in the mixture.
NT(T)
Number of solid-solid transitions at T.
NGam
Number of experimental activity coefficients at infinite dilution included in objective function.
NEq
Number of experimental mutual solubility included in objective function.
P
Pressure.
Qi
Reduce van der Waals surface of component i. 
